Abstract Sessile inhabitants of marine intertidal environments commonly face heat stress, an important component of summer mortality syndrome in the Pacific oyster Crassostrea gigas. Marker-aided selection programs would be useful for developing oyster strains that resist summer mortality; however, there is currently a need to identify candidate genes associated with stress tolerance and to develop molecular markers associated with those genes. To identify candidate genes for further study, we used cDNA microarrays to test the hypothesis that oyster families that had high (>64%) or low (<29%) survival of heat shock (43°C, 1 h) differ in their transcriptional responses to stress. Based upon data generated by the microarray and by realtime quantitative PCR, we found that transcription after heat shock increased for genes putatively encoding heat shock proteins and genes for proteins that synthesize lipids, protect against bacterial infection, and regulate spawning, whereas transcription decreased for genes for proteins that mobilize lipids and detoxify reactive oxygen species. RNAs putatively identified as heat shock protein 27, collagen, peroxinectin, S-crystallin, and two genes with no match in Genbank had higher transcript concentrations in lowsurviving families than in high-surviving families, whereas concentration of putative cystatin B mRNA was greater in high-surviving families. These ESTs should be studied further for use in marker-aided selection programs. Low survival of heat shock could result from a complex interaction of cell damage, opportunistic infection, and metabolic exhaustion.
). Summer mortality kills both juvenile and adult oysters and results from complex interactions between environmental factors such as temperature, dissolved oxygen, primary productivity, and sediment characteristics (Soletchnik et al. 1999; Cheney et al. 2000; Soletchnik et al. 2005 Soletchnik et al. , 2007 Li et al. 2009 ), physiological condition including reproductive status and glycogen metabolism (Soletchnik et al. 1999; Berthelin et al. 2000) , and pathogens (Lacoste et al. 2001; Friedman et al. 2005; Garnier et al. 2007 ). Resistance to summer mortality has a genetic basis in at least some populations , and selective breeding for oyster stocks that resist summer mortality is a promising way to reduce losses. However, the complex dynamics of summer mortality in USA waters precludes selection of broodstock solely upon the basis of field trials because mass mortalities are unpredictable in both time and space. Marker-aided selection could be used to reliably identify stocks or families that have increased resistance to stress (Cnaani 2006; Rothschild and Ruvinsky 2007) , but there are presently needs to identify genes and markers, and to understand the physiological basis of stress resistance in oysters.
Heat stress is an inevitable consequence of life in the marine intertidal zone; and during periods coinciding with summer mortality in the Pacific Northwest region of the USA, ambient temperature during tidal emersion can exceed 40°C (Cheney et al. 2000; Hamdoun et al. 2003) . In marine bivalves, heat shock results in oxidative stress (Abele et al. 2002; Verlecar et al. 2007 ), impairs immune defenses through reduced hemocyte phagocytosis and killing capacity (Hégaret et al. 2003 (Hégaret et al. , 2004 Chen et al. 2007) , and may lead to metabolic exhaustion and susceptibility to opportunistic infection, particularly when coupled with high energetic investment in reproduction (Li et al. 2007 (Li et al. , 2009 ). All of these factors contribute to summer mortality syndrome, but heat shock under laboratory conditions is a convenient means to elicit the transcription of genes with potential as genetic markers for superior survival under summer mortality-inducing conditions.
Transcriptome profiling is a useful first step in studies of the response of oysters to stress. Recently, an oyster cDNA microarray consisting of expressed sequence tag (EST) libraries from several different tissues of C. gigas and the Atlantic oyster Crassostrea virginica exposed to hypoxia, pesticides, bacterial and protozoan infection, hydrocarbons, hyperthermia, and summer mortality conditions became available (Jenny et al. 2007 ). The microarray contains 4,460 elements from C. virginica and 2,320 elements from C. gigas, and 16 non-oyster DNAs that can be used as negative and positive controls. We used this tool and realtime quantitative polymerase chain reaction (RT-QPCR) to test the hypothesis that oyster families that differ in survival after heat shock also differ in their transcriptional responses to this stress.
Materials and Methods
Screening of Families To identify oyster families that differed in their tolerance of heat shock, during Summer 2003, we heat-shocked 100 juvenile oysters (1-2 cm) from each of 44 families from a selectively bred cohort of oyster families produced according to Langdon et al. (2003) . The heat shock treatment consisted of exposure for 1 h to sandfiltered, UV-sterilized water heated to 43°C (Clegg et al. 1998; Hamdoun et al. 2003) followed by recovery in troughs supplied with sand-filtered seawater at ambient temperature (~14°C) without the addition of algal ration. These heat shock conditions were based upon preliminary experiments showing a mortality of approximately 50% for groups of juvenile oysters (spat) sampled from all families (data not shown). Families were tentatively classified as low-surviving or high-surviving when their survival after heat shock as juveniles was <29% and >64%, respectively.
During Fall 2003, we deployed 150 unstressed juveniles from each of four low-and four high-surviving families in Yaquina Bay estuary, Newport, Oregon, USA at an intertidal site located approximately 15 km from the mouth of the bay (44.6°N, 124.1°W). Spat were deployed within three individual family-specific rectangular mesh bags (0.53×0.81 m, 7-mm mesh) at a density of 50 animals per bag, and each of the three family-specific bags was planted at the same tidal height (+0 MLLW; mean lower low water). During Summer 2005, we recovered the families, and allowed 1 month for acclimation in on-land troughs supplied with sand-filtered seawater at ambient temperature (~14°C). Animals were fed a mixture of Isochrysis galbana and Chaetoceros calcitrans at a concentration of approximately 50,000-80,000 cells/ml. We heat-shocked (43°C, 1 h) 20 individuals from each of the eight families and monitored their survival as before. Four of the eight families retained their classification as low-or highsurviving (two families of each type) and were used for the microarray experiment.
Tissue Collection We chose to study gill tissue because it is easy to collect without contamination from other organs and because it is a large organ with high surface area that has been shown to be perturbed by thermal stress (Meistertzheim et al. 2007 ). Gill of 45 oysters from each of four families (two high-and two low-surviving; n=180 animals in total) were sampled in this study. We sampled these oysters across three independent heat shock experiments (Fig. 1a) . In each of these experiments, we first collected pre-stress (control) samples by excising~50 mg gill of the second lamellibranch from three individuals per family, pooling the three gill samples (families were kept separate), and discarding the remaining carcasses. Thereafter, we simultaneously exposed 12 previously unstressed animals per family for 1 h to UV-filtered water heated to 40°C (previously determined to be non-lethal) in flowthrough systems, transported them to a different flowthrough system supplied with sand-filtered water at ambient temperature (~14°C), and we collected pools of gill of three individuals per family, as described above, after 1-h, 3-h, 6-h, and 24-h recovery. Thus, in total we prepared 60 samples representing three biological replicates of gill from two high-and two low-surviving families at five points in time (Fig. 1a) . In addition to the 180 animals that were sampled, we treated five animals per family exactly as their siblings and monitored them for 6 days to ensure that heat shock was not lethal, and we also monitored five animals alongside their heat-shocked siblings to ensure that general handling and storage conditions were not lethal.
We homogenized the gill tissue by placing the three pieces (representing three animals) in a homogenizer tube containing refrigerated buffer RLT (Qiagen, Valencia, CA, USA), and disrupted the pieces using a Teflon©-coated homogenizer fitted to a hand-held drill. Pooling individuals at this stage precluded estimating the variance among individuals within families, and thus reduced the power of statistical tests. However, this study was intended primarily to identify genes for further study in experiments designed for estimating variance in a larger number of families, potentially without a temporal component.
RNA preparation and amplification We extracted total RNA from gill suspensions using Qiagen® RNeasy kits (Qiagen, Valencia, CA, USA), including the on-column DNAse treatment, according to the manufacturer's instructions. We quantified total RNA using a SPECTRAmax PLUS spectrophotometer (Molecular Devices, Sunnyvale, CA, USA) and produced amplified amino allyl RNA (aRNA) for hybridization to microarrays using 1 µg of total oyster RNA as template for the Amino Allyl MessageAmp™ Kit (Ambion, Austin, TX, USA), according to the manufacturer's instructions. In each amplification reaction, we included a mixture of RNA standards produced from plasmid DNA stocks of Karenia brevis genes according to Jenny et al. (2007) . This mixture contained 100 ng chlorophyll A/B binding protein (Genbank #CO059871) RNA, 10 ng photosystem core protein (Genbank #CO062297) RNA, 1 ng flavodoxin (Genbank #CO065421) RNA, and 0.1 ng photolyase (Genbank #CO064781) RNA. Therefore, each reaction contained 1.1111 µg of template.
Microarray Hybridization We used a single-dye approach, in which RNA pools representing one oyster family, sampling time, and biological replicate were prepared in 90-μl mixtures and hybridized to single arrays (Fig. 1b ). Slides were hybridized over an 8-day period in batches of ten samples per run, and samples were randomly selected for inclusion in any run. Each 90-μl mixture contained 20 μg of Cy3-coupled aRNA added to a non-commercial hybridization buffer [50% formamide, 2.4% sodium dodecyl sulfate (SDS), 4× standard saline phosphate EDTA (SSPE), 2.5× Denhardt's solution, plus 1 µg Cot-DNA and 1 µg polydATP; Jenny et al. 2007 ]. We boiled the mixtures for 1 min and incubated them for 1 h in a covered thermocycler heated to 50°C, during which time we prepared the microarrays for hybridization by soaking in 0.2% SDS solution for 2 min, boiling in water for 2 min, and drying by brief pulsed centrifugation. To reduce nonspecific background, dried slides were pre-hybridized with a non-commercial blocking solution (1.6× Denhardt's solution, 33.3% formamide, 1.6% SDS, 2.6× SSPE, and Fig. 1 Summary of experimental design. a Gills from two oyster families characterized by high (white circles) or low survival (hatched circles) of a 1 h, 43°C heat shock were collected before and at 1, 3, 6, and 24 h after a non-lethal heat shock (40°C, 1 h) in an experiment that was repeated three times to yield 60 samples. Each circle represents a sample that contained gill of three oysters. b One sample of cy3-labeled antisense RNA was hybridized to a single microarray slide (eg, a single-color microarray experiment). Slides were hybridized in batches of ten, as shown. c A subset of ESTs was studied using real-time quantitative polymerase chain reaction (RT-QPCR). The original samples of total RNA were used as template. Samples collected after 3 h recovery of heat shock were omitted 0.1 µM salmon sperm DNA; Jenny et al. 2007) for 1 h at 50°C in a humidified hybridization oven (Boekel InslideOut™, Boekel, Festerville, PA, USA). After this preparation, we added the aRNA mixtures to the slides, covered them with coverslips (Lifterslips, Erie Scientific, Portsmouth, NH, USA) and stored them overnight (12 h) at 50°C in the hybridization oven. We then washed away unbound aRNAs by quickly dipping the slides in 2× saline sodium citrate (SSC), 0.1% SDS solution to remove cover-slips and soaking them for 15 min each in 0.2× SSC, 0.1% SDS, followed by 0.2× SSC, and 0.1× SSC. Slides were dried by pulsed centrifugation and scanned within 15 min.
Microarray Data Acquisition and Analysis We used a ScanArray Express (Perkin Elmer, Boston, MA, USA) microarray scanner to acquire images of each slide using 70% PMT gain and 90% laser power. The QuantArray software package (Perkin Elmer, Boston, MA, USA) was used to acquire raw fluorescence data, background, and spot quality information from the scanned images using the included histogram spot segmentation method. Each spot image was visually inspected for overall quality, and damaged spots were excluded prior to statistical analysis. The hybridization data and the MIAME protocols are currently available at the Marine Genomics website (http://www.marinegenomics.org), and also at the Gene Expression Omnibus website (http://www.ncbi.nlm.nih. gov/projects/geo; Series GSE12070, Accn #'s GSM304764 through GSM304823).
We accounted for mean-versus-variance dependence of the raw intensity data by transforming the entire dataset using a robust generalized log transformation, variance stabilized normalization (vsn) method (Huber et al. 2002) as implemented in the Bioconductor suite for the R software environment (Ihaka and Gentleman 1996; Gentleman et al. 2004) . All spots were included in the transformation. Only spots with an average vsn-adjusted signal of 6 for at least one of 5 times points were included in our analysis; this intensity cut-off corresponds to the average vsn-transformed signal generated by the K. brevis RNA gene for photolyase for all slides (average signal± SEM=5.8±0.03).
Spots were printed in duplicate (Jenny et al. 2007 ) and we averaged the two replicate spots after vsn-transformation but before statistical analysis. We used analysis of variance to compare the means of vsn-adjusted signals for all spots among sampling times, between low-and highsurviving family types, between individual families within family types, and to test for interactions between time and family type using the GLM procedure in SAS (SAS Institute Inc. 1999 ). The statistical model was: Signal = Time + Family Type + Family ID (Family Type) + Family Type × Time, where "Time" refers to sampling time, "Family Type" refers to low-surviving versus high-surviving families, "Family ID (Family Type)" refers to individual families within either family type, and "Family Type × Time" is the interaction of time and family type. To avoid issues with multiple hypothesis tests, we calculated Qvalues for each EST using the software Q-value (Storey 2002; Storey and Tibshirani 2003) . The use of Q-values is based on false discovery rate approaches that estimate the proportion of false positives among large numbers of tests (Benjamini and Hochberg 1995) . We adopted a false discovery rate of 5% and effects were considered to be significant when Q<0.05.
The identities of the ESTs printed on the microarray were determined using the algorithms BLASTX and BLASTN which are available at the National Center for Biotechnology Information. An EST was considered to have significant database match when the expected value (E) was less than 1.E-05. We aligned ESTs with matching sequences using CLUSTALX, and excluded the shorter EST of any pairs with identical nucleotide sequences.
To visually summarize temporal transcription for the ESTs that differed among sampling times, we grouped them into clusters using the software SSClust (Ma et al. 2006 ). This program plots each cluster as a mean times series with 95% confidence intervals for ESTs with similar profiles, and should be regarded as a guide to overall change over time rather than an absolute representation of the transcription profile of each EST contained within that cluster. Data for each EST were converted to a common scale by dividing mean vsn-adjusted signal for each sampling time by the average of all values for that EST. Raw clustering output is included as supplementary material.
Real-Time Quantitative Polymerase Chain Reaction We used real-time quantitative PCR to verify the microarray data of 15 ESTs for the 0, 1, 6, and 24-h sampling times (Fig. 1c) . We assayed all ESTs that were significant for the terms Family Type and Family Type × Time, and for a subset of ESTs that were significantly different among sampling times, were considered to be relevant to heat shock based upon literature searches, and for which reliable primers could be designed (described below). Complementary DNA (cDNA) was reverse-transcribed from the original pools of total RNA using the ABI® High Capacity cDNA Synthesis kit (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's instructions and using the included random primers. All RT-QPCR reactions were conducted using an ABI7500 quantitative PCR thermocycler (Applied Biosystems, Foster City, CA, USA), had concentrations of 50 nM forward and reverse primers, and each reaction contained 3 ng of cDNA, 12.5 µl of 2× SYBR Green master mix (Applied Biosystems, Foster City, CA, USA) and water resulting in a total reaction volume of 25 µl. We used the thermocycling protocol: (1) 50°C, 2 min, (2) 95°C, 10 min for transcription enzyme activation, and (3) 40 or 45 cycles of (a) 95°C for 15 seconds and (b) 58°C or 59°C for 1 min (Table 1) . Taris et al. (2008) found that RT-QPCR analysis of pooled oyster RNA samples can lead to misleading inferences for gene transcription among oyster families due to polymorphisms among individuals within such pools. Because each of the samples used in this work contained RNAs from three individual oysters, we designed RT-QPCR assays by testing multiple primer pairs for the four individual families by preparing pools of cDNA that each contained all replications of an individual family at a single sampling time (4 times×4 families=16 pools in total). Assays were deemed suitable for use when multiple primer pairs produced similar amplification profiles among the pools and also produced a single PCR product, as determined by examining post-reaction dissociation plots. Preference for individual primer pairs that met these criteria was based on high amplification efficiencies which were estimated as described below.
Raw RT-PCR data were acquired using the SDS 1.4 software (Applied Biosystems, Foster City, CA, USA) and expressed as the relative concentration of target to an internal endogenous control gene, elongation factor 1 (ef1; Genbank #AB122066). We used the formula
Er is the reaction-specific amplification efficiency estimated using LinRegPCR software (Ramakers et al. 2003) , cT is the cycle number at which amplification reached a detection threshold, target is the EST under consideration, and ef1 is the endogenous control gene. We chose ef1 because it was stably expressed in C. gigas exposed to a variety of Mean efficiency (E r ) ± SEM was calculated by using the software LinReg PCR (Ramakers et al. 2003) . Target concentration was normalized to that of the endogenous control ef1 (AB122066)
conditions in other studies (Huvet et al. 2004; Taris et al. 2008) . Additionally, analysis of variance revealed no significant difference in average cT of ef1 among sampling times (P=0.3114), between low-and high-surviving families (P=0.9209), and the interaction of family type and time (P=0.9399) in the samples used for this study. We used analysis of variance to test for differences among RT-QPCR data using the same statistical model as used for the microarray data. Additionally, we performed linear contrasts using the CONTRAST statement within the GLM procedure of SAS. These contrasts tested for differences in mean relative transcript concentrations between adjacent sampling times and for differences in mean relative transcript concentrations between low-and highsurviving families at each time point. We did not include linear contrasts for the microarray data to avoid issues with multiple testing.
Results and Discussion
Microarray In total, 1,675 averaged spot pairs for individual ESTs were included in our analysis after quality control, of which~66% originated from C. gigas libraries and 34% originated from C. virginica libraries (Table 2 ). This represented~25% of the features included on the microarray. The mean vsn-adjusted signals of 110 ESTs (~7% of all ESTs included in the analysis) differed significantly among sampling times, of which the majority originated from C. gigas (Table 2) . Based on the microarray data, mean vsn-adjusted signals of four ESTs differed significantly between family types, and one significant interaction of time and family type was detected (Table 2) . We classified the 110 ESTs that differed among sampling times into ten functional categories based on searches of published literature (Table 3) . Over half (54%) of the ESTs had no match in Genbank. The identities and accession numbers of all ESTs for which significant effects were detected are reported in Table 4 . These identities are based upon database searches and represent current knowledge of the poorly characterized genomes of C. gigas and C. virginica. Many of the genes may belong to diverse protein families whose members have discrete, non-overlapping biological functions. We therefore stress that further study is needed to characterize the genes discussed here, that many of the identities are tentative, and that interpretations of the data may change as more genetic information becomes available.
We grouped 73 of the 110 ESTs into six descriptive clusters (Fig. 2) . The cluster designation for each EST is listed alongside its accession number in Table 4 . Clusters a and f contained ESTs in which transcript concentration increased and then decreased within the 24-h sampling period. Clusters d and e contain ESTs in which transcription increased monotonically. Cluster c contains ESTs in which transcription remained low until after the 6-h sampling period and then increased sharply. Cluster b contains ESTs in which transcription was suppressed after heat shock. Not all ESTs could be unambiguously included in any particular cluster, and we identified these ESTs by visually inspecting the raw output and excluding ESTs whose expression profile was markedly dissimilar to any of the clusters.
RT-QPCR We selected a subset of ESTs from six of the functional categories listed in Table 3 for verification using RT-QPCR based upon their potential relevance to heat shock and reports in other studies of summer mortality in bivalves. These data are reported in Figs. 3, 4, and 5; in each figure, microarray data are presented on the left and RT-QPCR data on the right. The six categories from which we selected ESTs included: molecular chaperones and cochaperones (Fig. 3 ), growth and reproduction (Fig. 3) , antioxidant and detoxification enzymes (Fig. 4) , lipid metabolism (Fig. 4) , cellular immunity (Figs. 4 and 5), and ESTs with no match in Genbank (Fig. 5) . In general, patterns of change in transcript concentration over time were similar between the microarray and RT-QPCR methodologies (discussed below) and we therefore consider those microarray data to be reliable. The transcription profiles for ESTs discussed below that were not verified using RT-QPCR are available as supplementary material.
The outcomes of the statistical tests for both the microarray data and the RT-QPCR data are reported in Table 5 . In contrast to the profiles of change over time, microarray data and RT-QPCR data were not always similar for ESTs whose concentrations differed between family types, and only agreed in general for collagen (Genbank # CX069163) and peroxinectin (Genbank #AM237676). The RT-QPCR data did not support the difference between family types for Genbank # AM237729 or the significant interaction (Genbank # BQ426623) indicated by the microarray data; these are discussed below in the section "ESTs with no match in Genbank." In the RT-QPCR data only, we detected an overall effect of family type for mRNA concentrations of galectin and an EST with no match in Genbank (BQ426884), and a significant interaction between time and family type for heat shock protein 27. Linear contrasts revealed significant differences between the family types at individual sampling times for Scrystallin and cystatin B. At least two phenomena may have contributed to the discordance between the microarray data and the RT-QPCR data. First, the microarray contained targets derived from cDNA libraries and these targets ranged from~100 bp to several kilobases in length (Jenny et al. 2007 ). Therefore, it is possible that mRNA of multiple genes bound to conserved regions contained within these targets, as discussed below for both heat shock protein 70 and Scrystallin. In contrast, RT-QPCR assays designed to further explore expression of those targets amplified, to the best of our knowledge, only single gene products.
Second, sequence polymorphisms in C. gigas coding regions are thought to occur on average every 60 base pairs (Sauvage et al. 2007 ). Family-specific sequence mismatches could have influenced transcript binding to microarray probes, which would reduce the correspondence between microarray signal and RT-QPCR data. Studies that employ RT-QPCR to compare gene transcription among C. gigas individuals and families are known to be influenced by polymorphisms among individuals that can lead to misleading inferences (Taris et al. 2008) . We tested each EST using multiple primers to increase our confidence that inferences were not influenced by polymorphisms of individuals within pools, but we cannot completely exclude the possibility of bias due to RT-QPR artifacts and caution should still be exercised in their interpretation.
Molecular Chaperones Based on the microarray data, concentrations of mRNAs encoding heat shock protein 70, heat shock protein 90, and small stress proteins increased progressively following heat shock in both lowand high-surviving families (microarray data only; Table 4 ; Fig. 2a, d, e) . This is not surprising because rapid synthesis of heat shock proteins is a nearly universal response to heat shock and other stressors (Lindquist 1986; Hochacka and Somero 2002) . Heat shock proteins refold denatured proteins and fold newly synthesized proteins into functional conformations (Parsell and Lindquist 1993; Zhao and Houry 2007) and small stress proteins participate in protein folding, block apoptosis and protein translation during heat shock, and bind lipid membranes to ensure structural integrity (Bruey et al. 2000; Cuesta et al. 2000; Wang and Spector 2000; Tsvetkova et al. 2002; Doerwald et al. 2006) . The presence of increased levels of heat shock proteins after thermal stress confers the ability to withstand subsequent exposure to otherwise lethal temperatures in marine bivalves and other animals and is an important aspect of bivalve adaptation to their environment (Clegg et al. 1998; Hamdoun et al. 2003) .
We verified the mRNA concentrations of heat shock cognate 70 (Genbank #AJ305315) and small heat shock protein 27 (Genbank #BQ426550) using RT-QPCR (microarray and RT-QPCR data; Table 5 ; Fig. 3a, b) . The microarray probe for the heat shock cognate 70 gene (Boutet et al. 2003 ) is a full-length mRNA sequence that contains six exons and encodes a highly conserved protein with homology to several other heat shock proteins. Therefore, the microarray signal for this particular probe may be a measure of heat shock protein 70 family gene transcription rather than that of an individual gene. We designed primers to amplify only the single gene product of heat shock cognate 70 and found that its relative mRNA concentration increased after heat shock between the pre-stress and 1-h sampling times and then decreased after 6 h, whereas transcription of heat shock protein 70 family genes appeared to increase between the 1-h and 6-h sampling times and remained elevated thereafter (Fig. 3a) . Although we detected no family-level differences in the transcription of this heat Each EST has been grouped according to the functional categories listed in Table 3 Fig. 2 Time-course clusters (95% confidence intervals) for ESTs in which transcription level differed among sampling times in gill of heat-shocked (40°C, 1 h) oysters before and at 1, 3, 6, and 24 h after heat shock. Data were clustered using the software SSClust (Ma et al. 2006) . The vsn-transformed data for each sampling time are presented relative to the average for all sampling times for a given EST shock protein gene, heat shock protein 70 protein concentrations in gill were reported to be greater in C. gigas families susceptible to summer mortality than in resistant families both before and during experimental hypoxia ). Based on the RT-QPCR data, there was a significant interaction between time and family type for the relative concentration of heat shock protein 27 (Table 5 ). The significant interaction resulted from the significantly greater concentration of transcript in low-surviving families at 6 h after heat shock (Fig. 3b) . Taken together with the findings of Samain et al. (2007) , it is possible that a correlate of high sensitivity to stress is an exaggerated requirement for heat shock protein (both transcription and translation) to repair damage caused by heat shock and environmental stress, and that this may also impose considerable metabolic costs. Li et al. (2007) found that heat shock and heat shock protein 70 production reduced tissue energy levels (adenylate energy charge and mantle glycogen levels) in reproductively mature C. gigas, and that the combination of reproductive activity and mounting a heat shock response led to metabolic exhaustion. Therefore, we speculate that high production of heat shock protein gene transcripts and proteins could be deleterious under certain conditions due to trade-offs between the need to salvage damaged proteins and the energetic costs this imposes on other biological functions.
Growth and Reproduction
The relative mRNA concentration of suppressor of cytokine signaling-2 (Genbank #BQ426927; microarray and RT-QPCR data; Table 5 ; Fig. 3c ) increased between 1 and 6 h after heat shock and remained elevated thereafter. Suppressor of cytokine sig- Fig. 3 Average (±SEM) microarray-generated vsn-adjusted signal data and RT-QPCR-generated relative concentration data (target concentration relative to elongation factor 1; Log2RC) for heat shock protein genes and genes putatively related to growth and reproduction measured in gill before and at 1, 6, and 24 h after heat shock (40°C, 1 h). Each bar represents three replicates of two families (six samples total) with either low survival (hatched bars) or high survival (white bars) after heat shock. Asterisks above or between individual sampling times indicate significant (P<0.05) differences between family types at that time or between sampling times, respectively naling proteins disrupt signaling cascades by targeting cytokines for proteasomal degradation (Alexander 2002; Yoshimura et al. 2007 ). In mammals, suppressor of cytokine signaling-2 negatively regulates growth by inhibiting signal transduction by insulin-like growth factor-1 and growth hormone (Greenhalgh and Alexander 2004; Rincón et al. 2007 ). In C. gigas, insulin-related receptors have been identified, and recombinant human insulin-like growth factor-1 has been shown to stimulate tissue growth (Griscourt et al. 2003 ). Thus, it is possible that suppressor of cytokine signaling-2 expression after heat shock resulted in suppressed growth which would be advantageous for reallocating energy to meet the needs of mounting a stress response.
The mRNA concentration of collagen (Genbank #CX069163; microarray and RT-QPCR data; Table 5 ; Fig. 3d ) was greater overall in low-surviving than in highsurviving families based on both the microarray data and RT-QPCR data, but in the RT-QPCR dataset the significant family effect may have resulted mainly from the significantly greater concentration in low-surviving families at 1 h after heat shock. Collagen is an abundant protein that is part of the extracellular matrix that is deposited or broken down as part of the process of tissue growth and repair (Woessner 1998; Ziegler et al. 2002; Montagnani et al. 2005) . We speculate that its increased transcription may reflect differences in tissue growth and remodeling between the family types. Reduced growth in the high-surviving families could have consequences for stress tolerance because more energy would be available to fuel stress responses.
The mRNA concentrations of temptin (Genbank #CK172319; microarray data only; Table 4 ; Fig. 2c ) and of neuropeptide Y (Genbank #BQ426456; microarray and Fig. 4 Average (±SEM) microarray-generated vsn-adjusted signal and RT-QPCR-generated relative concentration data (target concentration relative to elongation factor 1; Log2RC) for genes putatively encoding antioxidant enzymes, genes involved in lipid synthesis and genes involved in cellular immunity measured in gill before and at 1, 6, and 24 h after heat shock (40°C, 1 h) . Each bar represents three replicates of two families (six samples total) with either low survival (hatched bars) or high survival (white bars) after heat shock. Asterisks above or between individual sampling times indicate significant (P<0.05) differences between family types at that time or between sampling times, respectively RT-QPCR data; Table 5 ; Fig. 3e ) increased after 6 h. Exposure to high temperature is a common method of inducing spawning in oysters in hatcheries (e.g. Tibile and Singh 2003) , and the transcription data for temptin and neuropeptide Y suggest that spawning could be influenced by simultaneous positive and negative regulation. Temptin is a component of the protein pheromone complex used by the mollusc Aplysia to attract mates and stimulate spawning behavior (Cummins et al. 2004 ) and may play a role in promoting C. gigas spawning. Neuropeptide Y secretion is associated with increased hunger and decreased sexual activity in mammals (Kalra and Kalra 2004) .
Receptors for neuropeptide Y have been identified in molluscs (Tensen et al. 1998 ) and its expression could suppress spawning, which would be advantageous under certain conditions. For example, in France oyster families that are susceptible to summer mortality invest more energy into gametogenesis and spawn repeatedly, whereas resistant families invest less energy into gametogenesis and fully spawn once per reproductive season ). Tissue energy reserves in oysters are lowest during summer months (Berthelin et al. 2000) and the combination of reproductive activity and low energy reserves can lead to metabolic exhaustion and death by opportunistic infection (Li et al. 2007 ). Although we detected no differences at the family level in gills of heat-shocked oysters, others have suggested that neuropeptide Y could be responsible for differing patterns of spawning in summer mortality susceptible and resistant families and may be of interest for future research ).
Antioxidant and Detoxification Enzymes
The concentration of glutathione peroxidase (Genbank #CX069146; microarray data only; Table 4 , Fig. 2b ) mRNA decreased after Fig. 5 Average (±SEM) microarray-generated vsn-adjusted signal data and RT-QPCR-generated relative concentration data (target concentration relative to elongation factor 1; RC or Log2RC) for genes involved in cellular immunity measured in gill before and at 1, 6, and 24 h after heat shock (40°C, 1 h) . Each bar represents three replicates of two families (six samples total) with either low survival (hatched bars) or high survival (white bars) after heat shock. Asterisks above or between individual sampling times indicate significant (P<0.05) differences between family types at that time or between sampling times, respectively heat shock. Heat shock causes increased production of reactive oxygen radicals that form long-lived toxic byproducts that damage cells and membranes (Flanagan et al. 1998; Arnaud et al. 2002; Bruskov et al. 2002) . Antioxidant enzymes such as superoxide dismutase, catalase, and glutathione peroxidase reduce oxidative damage by detoxifying free oxygen radicals and their byproducts (Foreman and Fisher 1981; Storey 1996; Young and Woodside 2001) . Although we detected no family-level differences in the microarray data, suppressed expression of glutathione peroxidase in gill after heat shock could be a potentially deleterious consequence of heat shock.
The concentration of S-crystallin (Genbank #AJ565456; microarray and RT-QPCR data; Table 5 ; Fig. 4a ) mRNA decreased after 6 h, and based on the RT-QPCR data was greater in low-surviving families at 6 h after stress. The protein S-crystallin is derived from glutathione S-transferase and is a major protein of vertebrate and invertebrate eye lenses that appears to lack enzymatic function (Chiou et al. 1995; Tomarev and Piatigorsky 1996; Chuang et al. 1999; Blanchette et al. 2007) . As with most of the probes included on the microarray, it is possible that the probe for this S-crystallin EST hybridized with mRNA from multiple genes including glutathione S-transferase, leading to the discrepancy between the microarray data and the RT-PCR data. We have included the putative S-crystallin under the heading of "detoxification" because of its similarity to glutatione S-transferase, although as is the case for each of the ESTs discussed in this report, further characterization is needed to determine whether it truly encodes S-crystallin, its function, and the significance of enhanced transcription in low-surviving families.
Lipid Metabolism The transcription of delta-9-desaturase (Genbank #AJ565582; microarray and RT-QPCR data; Table 5 ; Fig. 4b ) and of sterol regulatory element binding protein transcription factor 1 (Genbank #BQ426935; microarray data only; Table 4 ; Fig. 2c ) increased after the 6-h sampling time. Heat shock damages lipid membranes through changes to the physical state of the membrane and through oxidative stress (Storey 1996; Hochacka and Somero 2002) . Delta 9-desaturase is required for synthesis of unsaturated fatty acids and sterol regulatory element binding protein transcription factor 1 activates genes involved in cholesterol synthesis (Ntambi 1999; Martin et al. 2006; Bengoechea-Alsono and Ericcson 2007) . Therefore, the increased transcription of these genes could reflect repair and synthesis of lipid membranes that were damaged by heat shock. We verified the concentrations of delta-9-desaturase using RT-QPCR because in C. gigas its transcription is altered by exposure to chronic hypoxia (David et al. 2005) , chronic elevated temperature (25°C, 3 d; Meistertzheim et al. 2007) , and hydrocarbon exposure (Boutet et al. 2004) , and because polymorphisms in this gene have been linked with summer mortality syndrome (David et al. 2007 ). However, we detected no family-level differences in its expression in heat-shocked gill.
The transcription of patatin-like phospholipase (#BQ426641; microarray data only; Table 4 ) and of fatty acid binding protein (Genbank #CK172312; microarray data only; Table 4) decreased after heat shock. Patatin-like phospholipase metabolizes fatty tissue in mammals (Schweiger et al. 2006) , and fatty acid binding protein binds and transport lipids (Storch and Thumser 2000) . Table 5 Statistical results for ESTs studied in gill of families with high (>64%) or low (<29%) survival ("FT") after heat shock (43°C, 1 h) in which transcription was measured using a cDNA microarray and RT-QPCR These data suggest that mobilization of lipid reserves was suppressed by heat shock, which would be deleterious to mounting stress responses and gametogenesis during seasonal periods when tissue reserves of glycogen are low (Berthelin et al. 2000) . Disruption of lipid deposition into gonads during spring is thought to contribute to summer mortality in C. gigas reared in Marennes-Oléron Bay, France (Soletchnik et al. 2006) , and C. gigas families that were susceptible to summer mortality syndrome had lower transcription levels of fatty acid binding protein than resistant families following injection with pathogenic Vibrios (Huvet et al. 2004 ).
Immune and Inflammatory Responses
The relative concentration of nucleoredoxin (Genbank #AJ565627; microarray and RT-QPCR data; Table 5 ; Fig. 4c ) mRNA increased after each of the sampling times. This suggests a rapid and intense inflammatory response to heat shock. Nucleoredoxin resides in the nucleus and participates in the regulation of transcription factors including the rapid-acting nuclear factor κB (NF-κB) that enables cells to quickly react to harmful stimuli and to mount immune responses (Hirota et al. 2000) . Based on the RT-QPCR data, there was a significant interaction between time and family type for the relative mRNA concentration of peroxinectin (Genbank #AM237676; microarray and RT-QPCR data; Table 5 ; Fig. 4d ). In the low-surviving families, relative mRNA concentration was greater before and at 1 and 6 h after heat shock and then decreased after 6 h, whereas transcript concentration did not change in the high-surviving families (Fig. 4d) . Peroxinectin is a cell-adhesion protein with peroxidase activity identified in crustaceans including freshwater crayfish Pacifastacus leniusculus (Johansson et al. 1995) , white shrimp Litopenaeus vannamei (Liu et al. 2005) , and prawn Machrobrachium rosenbergii . It is synthesized and stored in hemocytes and when released mediates hemocyte adhesion to foreign particles ). Peroxinectin has not been previously studied in C. gigas but it may perform adhesive and defensive functions in oysters. The potential significance of the pattern of peroxinectin transcription in low-surviving families is discussed below.
The relative mRNA concentration of another cell adhesion protein, galectin (Genbank #AM237796; microarray and RT-QPCR data; Table 5 , Fig. 4e ), increased after 6 h and based on the RT-QPCR data was greater overall in low-than in high-surviving families. In vertebrates, galectins facilitate cell adhesion and participate in various aspects of cellular immunity (Perillo et al. 1998; Rabinovich et al. 2002; Levroney et al. 2005) . In oysters, galectins serve a defensive and digestive role by binding to pathogens and algae and promoting phagocytosis of these particles by macrophages (Tasumi and Vasta 2007; Yamaura et al. 2008) .
Oysters are constantly exposed to bacteria and pathogens as they filter-feed. One interpretation of higher transcription of adhesive proteins in stress-sensitive oyster families is that they are more susceptible to opportunistic infection before and after stress, and that this susceptibility is due in part to decreased ability of hemocytes to bind to and phagocytose bacteria; greater transcription of adhesive proteins compensate partially for lower levels of innate immunity. Hemocyte adhesion in marine bivalves is reduced by some bacteria including Vibrio aestuarianus and Vibrio tapetis (Choquet et al. 2003; Labreuche et al. 2006) , and substrate adhesion by hemocytes from summer mortality-susceptible oysters reared at the Rivière d' Auray, France, was compromised by Vibrio sp. strain S322 to a greater extent than in resistant families during summer months ). However, substrate adhesion was greater in hemocytes of the same susceptible families than in resistant families before the seasonal period of mortality , and therefore the linkage between expression of adhesion proteins and familyspecific resistance to infection requires further clarification. We did not measure bacterial loads of dead and surviving oysters in this study and therefore do not know if infections lead to mortality. However, Samain et al. (2007) found that C. gigas families that were susceptible to summer mortality syndrome had higher quantities of Vibrio aestuarianus after heat shock than did resistant families, and it is reasonable to speculate that opportunistic infection contributed to morality in the low-surviving families used in the present study.
The relative concentration of cystatin B (Genbank #CX069133; microarray and RT-QPCR data; Table 5 , Fig. 5a ) mRNA increased after 6 h and based upon the RT-QPCR data was greater in high-surviving than in lowsurviving families at 24 h after heat shock (Fig. 5a ). Cystatins bind to and inhibit proteolytic cathepsins that are secreted by lysosomes as part of routine protein turnover and by pathogens as a means of acquiring nutrition from host cells (Ulrich 1995; Rinne et al. 2002; Vergote et al. 2005) .
Protein turnover (the net result of synthesis and degradation) accounts for a large portion of maintenance metabolism energy expenditure in marine bivalves (Hawkins 1991; Hawkins and Day 1996) and lower rates of protein turnover in mussels Mytilus edulis afforded energy savings that consequently lead to enhanced survival under stressful conditions (Hawkins et al. 1987 (Hawkins et al. , 1989 . One potential advantage of higher levels of cystatin B in the high-surviving oyster families could have been reduced energy loss due to protein turnover resulting in more energy for mounting stress responses.
Pathogens of oysters secrete proteases that damage host cells and protease inhibitors such as cystatin B may protect against these offensive processes during infection (Romestead et al. 2002; Xue et al. 2006) or may regulate host cathepsin activity. Protease inhibition in C. virginica families bred to resist Perkinsus marinus infection was negatively correlated with parasite loads (Oliver et al. 2000) . Cystatin B has been explicitly associated with immune defense of arthropods (Kanost 1999) , snails (Guillou et al. 2007) , and marine invertebrates (Guegan et al. 2003; Kang et al. 2006) . Snail Biomphalaria glabrata strains that were resistant to infection by Echinostoma caproni had higher induced levels of a type-2 cystatin protein after infection that is thought to inhibit the parasite-derived cathepsins used to digest host cells (Vergote et al. 2005) . Therefore, in addition to retarding protein turnover, higher levels of cystatin B in the oysters studied here could have augmented cellular defense following heat shock.
ESTs without Identity In this study, transcript concentrations of dozens of unidentified ESTs were altered by heat shock, and some appeared to differ between family types. Transcription of Genbank EST #BQ426658 was greater overall in low-surviving families in the microarray dataset, but RT-QPCR data indicated a significant difference between low-and high-surviving families only at 1 h after stress (microarray and RT-QPCR data; Table 5 ; Fig. 5b ). Another unidentified EST (Genbank #BQ426884) was strongly upregulated after 6 h, and was more abundant in low-surviving families than in high-surviving families at this time (microarray and RT-QPCR data; Table 5 ; Fig. 5c ). The significant differences in the microarray dataset for the interaction of time and family type observed for Genbank #BQ426623 and between family types for Genbank #AM237729 were not supported by RT-QPCR (microarray and RT-QPCR data; Table 5 ; Fig. 5d, e) . The field of genomics in marine bivalves is still in its infancy, and the results obtained from each of these unidentified ESTs are difficult to interpret. Recently, Tanguy et al. (2008) sequenced over 10,000 ESTs and found that no more than 27% could be assigned to a functional category. As our knowledge of genes and the functions of their products expands in C. gigas and other molluscs, we expect that this dataset will continue to yield insights into the pathways that are perturbed by heat shock.
Conclusions
The response of oyster gills to heat shock included immediately increased transcription of genes that encode heat shock proteins, and increased transcription after 6 h of genes whose products synthesize lipids, participate in cellular immunity, and influence reproductive activity.
Potentially deleterious consequences of heat shock included suppressed mobilization of stored lipid reserves and decreased transcription (relative to pre-stress levels) of antioxidant genes. Overall, a clear picture of gene expression over time was presented by the data, but differences between the high-and low-surviving families require further validation because of some discordance between the microarray and RT-QPCR data. The tentative identification of the ESTs requires further characterization before definitive statements on biological functions can be made. Furthermore, because only two high-and low-surviving families were studied here, we cannot exclude the possibility that some of the correlations between gene expression and family type were fortuitous, and future studies should evaluate these genes in a larger group of families.
With the exception of one EST that appears to encode cystatin B, transcript concentrations of ESTs that differed between family types were greater in low-surviving families than in high-surviving families. It seems counterintuitive that low-surviving families expressed potentially stress-relevant genes at higher levels than did highsurviving families. It is possible that low-surviving families required higher transcript levels to supply proteins (e.g. heat shock proteins and lectins) that mitigate cellular damage and opportunistic infection. However, the increased production of both transcripts and proteins could come at an energetic cost above that of maintenance metabolism, and the resulting increase in protein turnover could have lead to metabolic exhaustion (Hawkins et al. 1987 (Hawkins et al. , 1989 Li et al. 2007) . A complex interaction of cell damage, opportunistic infection, and exhaustion is a plausible explanation for mortality at 43°C when considering that tissue energy stores are low when oysters are in reproductive condition (Berthelin et al. 2000) and lipid mobilization may be suppressed by heat shock.
We identified a number of ESTs whose transcription differed between oyster families with high or low survival after heat shock. With further characterization, these ESTs could provide the basis for broodstock selection for increased thermal tolerance and potentially also for disease resistance.
reviewers for thoughtful review of this manuscript. Any use of trade, firm, or corporation names in this publication is for the information and convenience of the reader. Such use does not constitute an official endorsement or approval by the United States Department of Agriculture or the Agricultural Research Service of any product or service to the exclusion of others that may be suitable.
